Star anise is an important fragrance material that has a characteristic anise-like odor. Although the main component of star anise is (E)-anethole, which accounts for over 90% of the constituents, the odor of (E)-anethole is different from that of the material itself. Here, we examined the aroma profile of star anise. GC-MS analysis of star anise extracts showed that it contains many compounds with structures similar to (E)-anethole. Our results indicate that (E)-anethole is the key compound in the odor of star anise, but structurally similar compounds play an important role in creating its odor. We examined the structure-odor relationship of (E)-anethole, focusing on the methoxy and 1-propenyl substituents. Altering the 1-propenyl group changed the odors of all the anethole derivatives. Replacing the methoxy group with a hydrogen atom created compounds with similar fatty odors. This shows that the methoxy group is important for the characteristic odor of anethole. We synthesized anethole derivatives where the methoxy group was replaced with a methyl group. In both methoxy-and methyl-substituted anethole derivatives, altering the 1-propenyl group changed the odors of the derivatives. Therefore, the methoxy and methyl benzene moieties are important structural features for the odor of star anise. The structural characteristics of anethole are closely related to its odor expression.
The evaluation of aroma profiles of fragrance materials and the mechanism of odor recognition have been actively studied [1, 2] . For example, the interaction between eugenol derivatives and olfactory receptors has been investigated [1] . Star anise is an evergreen tree that belongs to the family Magnoliaceae. It originates in Jiangxi province in southwest China and is produced in China, North Vietnam, South India, and Indochina. Star anise has a sweet anise-like odor and is produced as a source of fragrance and flavor in several industries. It is an important spice in Chinese food, and is also used in traditional Chinese medicine because of its many therapeutic properties. Recently, star anise has also become an essential raw material for the synthesis of the antiviral flu drug oseltamivir (Tamiflu), because shikimic acid, which is a key synthetic intermediate for oseltamivir, is a component of star anise. Of the components of star anise, 93% are benzene derivatives; almost all of them, including the main component [(E)-anethole (1a)], have a methoxy benzene moiety [3] . In this paper, we focus on the properties of the constituents of star anise, and examine the structure-odor relationship of (E)-anethole, which affects the aroma profile of star anise [4] . In addition, we also studied the odor features of eugenol derivatives in relation to the odor reception mechanism [1] .
We have previously evaluated the aroma profile of sandalwood and identified the key compounds [5] . We investigated the odor profile of star anise by using similar methods. The star anise odorants were extracted by steam distillation, n-hexane extraction, and monolithic material sorptive extraction (MMSE), which is an extraction method for headspace odor [6] . We compared the odors of these three extracts and observed clear differences in how similar the odors of the extracts were to the odor of the original material. This suggested that there was a difference in the components of the extracts. 1 H NMR spectroscopy showed that (E)-anethole (1a) was the main component of the n-hexane extract of star anise. A substantial amount of p-anisaldehyde (4) was also present, and these two compounds made up 88.5% of the extract. Gas chromatography-olfactometry (GC-O) analysis showed that 1a had a strong anise-like odor and 4 had a strong syrup-like odor. Because these compounds both have a strong odor, we predicted that the ratio of these compounds would affect the odor of star anise. We found that the ratio of 1a to 4 was associated with how similar the extract's odor was to the odor of star anise. An increase of the proportion of 1a (Table 1 ) made the odor of the extract more similar to that of the material itself. Therefore, these two compounds are important constituents of the odor of star anise. We used the same methods to determine the constituents of the aroma profile of clove bud. The main components of the three clove bud extracts were eugenol (5) and eugenyl acetate (6) . The proportions of 5 and 6 were 46.8% and 34.2%, respectively, in the n-hexane extract. The ratio of these two compounds was different in the three extracts ( Table 2 ). An increase in the ratio of 5 to 6 increased the similarity of the odor of the extract to that of clove buds. These results suggest that compounds with similar structures are important for the aroma profile of materials. The odors of (E)-anethole and p-anisaldehyde are different from that of star anise. The odor of star anise may be a result of a complex olfactory mechanism, as reported [1] . We expected that mixing these two compounds would create an odor similar to that of the material itself. However, the odors of several different mixtures of the two components were still different from that of star anise, indicating that the other compounds were also necessary. We identified the components of the n-hexane extracts of star anise by gas chromatography-mass spectrometry (GC-MS) ( Table 3 ). We assumed that the presence of many benzenoid components with similar structures to (E)-anethole and p-anisaldehyde produced the characteristic odor of star anise. We divided the components of star anise into two groups according to their structural features: methoxy benzene derivatives and other compounds ( Figure 1 ). The odor of star anise was created by the combination of these two groups. Saito et al. reported that one odorant is recognized by several receptors with different intensities, and that one receptor recognizes several different odorants with different intensities [2] . Structurally similar odorants are recognized by common receptors via a complex mechanism. The evidence [2] suggests that similar structural compounds may affect the interaction between the odorants and receptors. Thus the odor of a material is not a simple combination of the odor of several compounds. The interaction among odorants is crucial for understanding the aroma profile.
Next, we studied the role of the structural similarity in the evaluation of the odor. (E)-Anethole and p-anisaldehyde, which have similar structures, are important constituents in the aroma profile of star anise. We focused on the effect of three structural features on the aroma profile ( Figure 2 ): a methoxy group (A), a double bond in the side chain (B), and a polar group (C). We identified these features based on studies published by Touhara and coworkers [1] . They investigated the interaction between the mouse olfactory receptor, mOR-EG, which recognizes eugenol, and several eugenol derivatives. In the eugenol derivative system, the interaction between odorants and receptors depended on the three structural features, A, B, and C, mentioned above. We synthesized eugenol derivatives and compared the odor of these compounds. The odor of compounds 7 and 8 was similar to that of eugenol (5) . However, when the hydroxyl group was removed (9), the eugenollike odor was lost ( Figure 3 ). The hydroxyl group was the crucial structural feature for the odor of eugenol. We used a similar combination of synthesis and sensory evaluation to determine which structural features affect the aroma profile in the (E)-anethole system. We synthesized anethole derivatives 1a-3e using the routes shown in Figure 4 . We investigated the effect of the double bond and the geometrical isomerism on the odor. In systems 1 (R = OCH 3 ) and 2 (R = CH 3 ), compounds 1a-c and 2a-c had a different odor. The presence of a double bond and the different geometrical isomers caused the Aroma profile of star anise and the structure-odor relationship of anethole Natural Product Communications Vol. 9 (2) 2014 253 Table 4 : Odors of synthesized anethole derivatives 1a-c, 2a-c, and 3a-c.
Fresh, fatty 1b
Sour, fresh, fruity 1c
Fatty, fruity 2c (E/Z = 3/97) 3 -H (3) Fatty, sweet 3a (E/Z = 94/6)
Fatty 3b
Fatty, floral 3c (E/Z = 0/100) difference in the odor of these compounds. However, in system 3 (R = H), compounds 3a-c had a similar fatty odor. The double bond and geometrical isomers are important for the differences in odor (Table 4 ).
Next, we examined the effect of polar groups. In systems 1 and 2, compounds 1a-c and 2a-c had different odors. The polar groups caused the difference in the odor of these compounds. However, in system 3, compounds 3a-c had similar fatty odors ( Table 5 ). 
System
Substituents
Fresh, fatty 1b
Slightly sweet 1e
Fatty, fresh, floral 2b
Slightly sweet, slightly fatty 2e
-H (3) Fatty, fresh, sweet 3d
Fatty 3b
Slightly fatty, slightly fresh 3e
In systems 1 and 2, the geometrical isomers of anethole produced differences in the odor. When methoxy and methyl benzene moieties were present, the 1-propenyl group was the essential structural feature which caused differences in odor. A similar effect was also observed in -santalol derivatives. The bulky tricyclic structure was necessary to create the different odors of the geometrical isomers ( Figure 5 ) [7] . -Santalol and -santalol are key components of the odor of sandalwood. They have a bulky structure and a sandalwood-like woody odor; removing the bulky structures caused the loss of the woody odor [7] . In the anethole derivatives, the E-isomers have an anise-like odor (systems 1 and 2). However, removing either the methoxy or methyl benzene substituents caused the loss of the anise-like odor (system 3). In addition to the E-isomer, the compounds in systems 1 and 2 also had characteristic odors. In contrast, in system 3, the loss of the p-substituents on the aromatic ring caused the loss of the characteristic odors. Thus the methoxy and methyl groups are important for the characteristic odors.
We found that star anise contained many structurally similar compounds, including two main compounds, (E)-anethole and panisaldehyde. We synthesized anethole derivatives and compared the odor of these compounds. All the benzenoid compounds that contained methoxy and methyl groups had characteristic odors. However, replacing either the methoxy or methyl group with a hydrogen atom resulted in the loss of the characteristic odor of the derivative, and produced compounds with similar fatty odors. The methoxy and methyl benzene moieties were important structural features of derivatives with a variety of odors which define star anise.
Experimental
Materials: Reagents and solvents for synthesis were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan), Kanto Chemical Co., Inc. (Tokyo, Japan), and Sigma-Aldrich Japan K.K. (Tokyo, Japan). MonoTrap DCC18, purchased from GL Sciences Inc. (Tokyo, Japan), was used for the MMSE method. This is an absorptive material with a monolithic silica structure with a large surface area.
Structural elucidation:
The compound structures were determined by 1D NMR spectroscopy through comparison with reported 1 H NMR and 13 C NMR spectroscopic data. Chemical shifts are expressed in ppm using TMS as an internal standard. NMR spectra were recorded on an Avance 500 system (Bruker, Karlsruhe, Germany). Silica gel 60 (Merck, Darmstadt, Germany) was used for CC, silica gel 60 GF254 for TLC, and silica gel 60 PF254 for Prep-TLC.
Sensory evaluation: Sensory evaluation of the synthesized compounds without solvent was performed by an expert panel consisting of 4 employees of Yamada-Matsu Co., Ltd. The similarities and differences in the odor characteristics of the compounds were evaluated. The sensory evaluation was also performed by a non-expert panel consisting of untrained participants. The sensory evaluation results of the expert and nonexpert panels were consistent. Two commercial reagents were used for the sensory evaluation: 1-methyl-4-propylbenzene (2b) was obtained from Tokyo Chemical Industry Co., Ltd., and propylbenzene (3b) from Kanto Chemical Co., Inc.
Plant material: Star anise was purchased from a local market in China, and clove bud was purchased in Zanzibar. The materials did not contain significant amounts of moisture. Voucher specimens of these materials are available from Yamada-Matsu Co., Ltd.
n-Hexane extraction of star anise and clove bud:
Odor compounds of star anise (30.0 g) were extracted with n-hexane (300 mL × 2) at room temperature. Removal of the solvent by rotary evaporation at room temperature afforded an oil (2.84 g, extractability 10%). A nhexane extract of clove bud was obtained from 100 g of material by the same method (13.0 g, extractability 13%).
Steam distillation of star anise and clove bud:
Steam distillation of star anise (30.0 g) gave a mixture of oil and water. The mixture was extracted with n-hexane and the n-hexane solution was dried over anhydrous magnesium sulfate. Removal of the solvent by rotary evaporation at room temperature afforded an oil (1.23 g, extractability 4%). Clove bud oil was obtained from 100 g of material by same method (9.17 g, extractability 9%).
Extraction of head space odor of star anise and clove bud by MMSE:
The fragrance materials and DCC18 were placed in a vial (40 mL), which was immersed in a water bath at 60°C for about 20 h. The odor of odorants adsorbed to DCC18 was directly evaluated. DCC18 and the extraction solvent (250 L of CDCl 3 or dichloromethane) were ultrasonicated for 10 min. Either the CDCl 3 or dichloromethane solution was used for NMR or GC-O analysis, respectively.
Analysis of the odor of star anise components by GC-O:
GC-O analysis was performed on a GC-353 gas chromatograph (GL Sciences Inc.) equipped with a flame ionization detector (FID), a sniffing port, a column injector, a polar capillary column [InertCap Pure-WAX (0.25 mm I.D. × 30 m; film thickness: 0.25 m; GL Sciences Inc.)] and an OP 275 olfactory port. The carrier gas was helium at a flow rate of 1 mL/min. The injections were performed in splitless mode at 250°C. The oil (1 L) was injected dissolved in acetone. The GC oven temperature increased from 80 to 250°C at a rate of 8°C/min with initial and final hold times of 2 and 30 min, respectively. The FID and sniffing port were maintained at a temperature of 250°C. We analyzed 3 extracts of star anise and several synthesized anethole derivatives. The samples collected for analysis were dissolved in acetone.
Analysis of the components of star anise by GC-MS: GC-MS was
performed on a JMS-700 AM spectrometer (JEOL Ltd., Tokyo, Japan) using electron impact (EI) ionization (70 eV). The other conditions were the same as for GC-O analysis. We analyzed the nhexane extract of star anise using the same GC-O conditions. Mass spectrometry was used to identify 11 aromatic compounds.
Isolation of eugenol (5) and eugenyl acetate (6):
The n-hexane extracts (201 mg) were initially purified by CC (silica, CCl 4 /CH 3 CO 2 C 2 H 5 = 9:1). The fraction obtained was purified by Prep-TLC (CCl 4 /CH 3 CO 2 C 2 H 5 = 9:1) to afford eugenol and eugenyl acetate, which were isolated as colorless oils.
Synthesis of (E)-2-methoxy-4-(prop-1-en-1-yl)phenol (7):
A mixture of potassium hydroxide (0.10 mg, 1.69 mmol) and glycerol (0.2 mL) was heated to 150°C. A solution of eugenol (9.7 mg, 0.09 mmol) and glycerol (0.2 mL) was added to the mixture, which was stirred for 10 h; the reaction was monitored by TLC (SiO 2 -C 6 H 6 ). The reaction was quenched by immersing the flask in an ice bath and adding ice water (10.0 mL) to the mixture. The mixture was extracted with benzene (9.0 mL), and washed with 1 N sulfuric acid (6.0 mL), 1 N sodium bicarbonate (2.0 mL) and brine (6.0 mL). The organic extracts were dried over anhydrous magnesium sulfate and removal of the solvent produced compound 7 as a yellow oil (3.5 mg, 36%).
(E)-2-Methoxy-4-(prop-1-en-1-yl)phenol (7)
Yellow liquid. 1 
Synthesis of 2-methoxy-4-propylphenol (8):
To a flask that had been purged with nitrogen, 10% Pd/C (0.9 mg) was added. Eugenol 1,2-dimethoxy-4-(prop-2-en-1-yl) 
Synthesis of

benzene (9):
A solution of eugenol (20.8 mg, 0.13 mmol), iodomethane (0.1 mL) and potassium carbonate (50.8 mg, 0.37 mmol) in dry acetone (0.7 mL) was refluxed at 60°C for 22 h. The reaction was monitored by TLC (SiO 2 -CHCl 3 ). The reaction was quenched by cooling the mixture to room temperature and adding water (1.5 mL). The mixture was extracted with ethyl acetate (6.0 mL) and the organic layer was dried over anhydrous magnesium sulfate. Removal of the solvent provided the crude compound, which was purified by Prep-TLC to afford 1,2-dimethoxy-4-(2-propen-1-yl)-benzene (9) (11.6 mg, 50%) as an oil. compounds 1d, 2d, and 3d : Anisole (5.00 g, 46.3 mmol) and carbon disulfide (18.5 mL) were stirred together. Powdered anhydrous aluminum chloride (13.9 g, 104 mmol) was added to the solution and heated until gentle refluxing. Propionic acid (4.8 mL) was added slowly and the solution was stirred for 40 min. The reaction was monitored by TLC (SiO 2 -CHCl 3 ). The solvent was removed by distillation. The reaction mixture was poured onto ice and 2 N hydrochloric acid was added to the beaker. The mixture was extracted with benzene (25 mL × 2) and the organic layer was washed with water (25 mL × 2), 10% sodium hydroxide (50 mL × 1), and water (25 mL × 3), and then dried over anhydrous magnesium sulfate. Removal of the solvent gave a reddish brown crude oil (4.95 g, 65%), which was purified by reduced-pressure distillation.
1,2-Dimethoxy-4-(prop-2-en-1-yl)benzene
Synthesis of ketone
1-(4-Methylphenyl)-1-propanone (2d) and 1-phenyl-1-propanone (3d) were obtained through a similar procedure from toluene and benzene. 
1-(4-Methoxyphenyl
Synthesis of alcohol compounds 1e, 2e, and 3e:
A flask was charged with LiAlH 4 (137 mg, 3.61 mmol) and anhydrous diethyl ether (4.5 mL), and the mixture was stirred under nitrogen. 1-(4-Methoxyphenyl)-1-propanone (1d, 1.33 g, 8.11 mmol) was dissolved in anhydrous diethyl ether (1.0 mL) and added to the flask. The reaction was monitored by TLC (SiO 2 -CHCl 3 ). The reaction was quenched with water (0.5 mL) and 1 N sodium hydroxide (0.5 mL). The reaction mixture was filtered and the solid washed with diethyl ether. The organic solution was washed with water (5 mL × 2), ammonium chloride (5 mL × 2) and brine (5 mL × 2). The solution was dried over anhydrous magnesium sulfate. Removal of the solvent gave the crude compound as an oil (1.15 g, 85%), which was purified by CC (SiO 2 -CH 2 Cl 2 , CHCl 3 ) to give 1-(4-methoxyphenyl)-1-propanol (1e) (937 mg, 70%) as a colorless liquid.
1-(4-Methylphenyl)-1-propanol (2e) and 1-phenyl-1-propanol (3e) were obtained by a similar procedure from compounds 2d and 3d, respectively. Compounds 1e-3e were racemates. 
1-(4-Methoxyphenyl
Synthesis of (E)-1-methyl-4-(prop-1-en-1-yl)benzene (2a):
Synthesis of (E)-prop-1-en-1-ylbenzene (3a):
A solution of 1phenyl-1-propanol (3e, 2.99 g, 22.0 mmol) and phosphoric acid (1.11 g, 11.3 mmol) was refluxed for 2 h. The reaction was monitored by TLC (SiO 2 -CHCl 3 ). The reaction mixture was extracted with benzene (5 mL × 5) and the combined organic extracts were washed with saturated NaHCO 3 solution (5 mL × 1) and brine (5 mL × 1). The extracts were dried over anhydrous magnesium sulfate and the solvent removed by evaporation. The pale yellow crude liquid was purified by CC (SiO 2 -CCl 4, CHCl 3 ) to afford (E)-prop-1-en-1-ylbenzene (3a) (889 mg, 34%, E/Z = 94/6).
(E)-Prop-1-en-1-ylbenzene (3a)
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Hasegawa et al. Z-isomers 1c, 2c, and 3c : Triphenylphosphine (10.4 g, 39.5 mmol) and bromoethane (6.0 mL, 80.4 mmol) were placed in a sealed glass tube and heated at 120°C for 16 h. The obtained solid was washed with boiling benzene and filtered under reduced pressure. Ethyl triphenylphosphonium bromide was obtained (13.7 g, 93%) as a pale yellow solid. Potassium tert-butoxide (702 mg, 6.26 mmol), anhydrous THF (30.0 mL), and ethyl triphenylphosphonium bromide (2.26 mg, 6.09 mmol) were added to the flask, which was immersed in an ice bath. The solution was stirred for 5 min. The ice bath was removed and the flask was allowed to return to room temperature. p-Anisaldehyde (0.6 mL) was injected into the flask and the mixture was stirred for 16 h. The reaction was monitored by TLC (SiO 2 -C 6 H 6 ). The reaction was quenched by adding methanol (1.0 mL). The solvent was evaporated and the product was extracted from the solid residue with n-pentane. After the solvent had been removed, a pale yellow liquid was obtained (E/Z = 19/81), which was purified by CC (SiO 2 -C 6 H 6 ); an E/Z mixture was obtained (684 mg, 93%), which was purified by Prep-TLC (SiO 2 -C 6 H 6 /C 6 H 14 = 1:1) to give (Z)-anethole (1c) (E/Z = 4/96). 
Synthesis of
Synthesis of 1-methoxy-4-propylbenzene (1b):
A flask was charged with 10% Pd/C (13.2 mg) under nitrogen. The E/Z anethole mixture (105 mg, 0.711 mmol, E/Z = 16/84) was dissolved in ethanol (10.0 mL) and added to the flask. The solution was stirred under hydrogen for 18 h at room temperature. The Pd/C was removed by filtering the reaction mixture through celite. Removal of the solvent gave a crude oil (79.5 mg, 74%), which was purified by bulb-tobulb distillation. Product 1b had a fatty, fresh odor (56.1 mg, 53%). 
1-Methoxy-4-propylbenzene
